The gonadotropin-releasing hormone (GnRH) system, considered to be the final common pathway for the control of reproduction, has been difficult to study because of a lack of distinguishing characteristics and the scattered distribution of neurons. The development of a transgenic mouse in which the GnRH promoter drives expression of enhanced green fluorescent protein (EGFP) has provided the opportunity to perform electrophysiological studies of GnRH neurons. In this study, neurons were dissociated from brain slices prepared from prepubertal female GnRH-EGFP mice. Both current-and voltageclamp recordings were obtained from acutely dissociated GnRH neurons identified on the basis of EGFP expression. Most isolated GnRH-EGFP neurons fired spontaneous action potentials (recorded in cell-attached or whole-cell mode) that typically consisted of brief bursts (2-20 Hz) separated by 1-10 sec. At more negative resting potentials, GnRH-EGFP neurons exhibited oscillations in membrane potential, which could lead to bursting episodes lasting from seconds to minutes. These bursting episodes were often separated by minutes of inactivity. Rapid application of glutamate or NMDA increased firing activity in all neurons and usually generated small inward currents (Ͻ15 pA), although larger currents were evoked in the remaining neurons. Both AMPA and NMDA receptors mediated the glutamate-evoked inward currents. These results suggest that isolated GnRH-EGFP neurons from juvenile mice can generate episodes of repetitive burst discharges that may underlie the pulsatile secretion of GnRH, and glutamatergic inputs may contribute to the activation of endogenous bursts.
The neuroendocrine cells that secrete gonadotropin-releasing hormone (GnRH) integrate synaptic inputs and generate action potentials that regulate pulsatile secretion of gonadotropic hormones from the anterior pituitary (Kalra and Kalra, 1983; Sagrillo et al., 1996; Terasawa, 2000) . The GnRH neurons are small and dispersed throughout the hypothalamus and adjacent areas (Barry et al., 1985; Silverman et al., 1987 Silverman et al., , 1994 and therefore have primarily been considered intractable for electrophysiological studies. Cultured embryonic neurons or tumor cell lines (e.g., GT1-7 cells) have been used to study the GnRH system (Mellon et al., 1991; Wetsel et al., 1992; Kusano et al., 1995; Terasawa et al., 1999a) . However, both of these model systems have serious technical and conceptual limitations (Selmanoff, 1997; Herbison, 2001; Terasawa, 2001) . Sim et al. (2001) have attempted to visually identify unlabeled GnRH neurons in a slice, followed by post hoc reverse transcription (RT)-PCR; however, GnRH neurons are morphologically similar to non-GnRH neurons, and singlecell RT-PCR in slices has potential for false positives. Recently, genetic targeting of green fluorescent protein (GFP) to GnRH neurons has allowed electrophysiological studies with the brainslice preparation (Spergel et al., 1999 (Spergel et al., , 2001 Suter et al., 2000a,b; Dudek et al., 2001 ). This approach has been useful for analyzing episodic activity and transmitter receptor mechanisms. We used whole-cell and cell-attached recording from acutely dissociated GnRH-EGFP (enhanced GFP) neurons to study burst generation, episodic electrical activity, and responses mediated by glutamate receptors.
Neuroendocrine cells generate bursts of action potentials that facilitate hormone secretion (Dudek et al., 1989 (Dudek et al., , 2000 Bourque et al., 1993; Branshaw et al., 1998) . Multiple-unit recordings have shown that pulsatile secretion of GnRH is correlated with population discharge from hypothalamic neurons (i.e., hypothetical GnRH neurons and their associated neural network) (Kawakami et al., 1982; Wilson et al., 1984; Mori et al., 1991; Cardenas et al., 1993; Nishihara et al., 1999) . Relatively little, however, is known about this mechanism at the level of the single GnRH neuron. Experiments on hormone release and multiple-unit recordings lack temporal and spatial resolution, preventing a determination of the firing patterns of individual neurons. Recently, Suter and coworkers (2000b) observed burst firing and episodic activity in GnRH-EGFP neurons using whole-cell recordings in preoptic/ hypothalamic slices, which suggests that single GnRH neurons can generate burst discharges and episodic activity that could underlie pulsatile secretion.
Glutamate is an important regulator of neuroendocrine secretion in the mammalian hypothalamus (van den Pol et al., 1990; Sagrillo et al., 1996) (for review, see Brann and Mahesh, 1997) . In vivo injections of glutamate and NMDA activate reproductive mechanisms (Arslan et al., 1988; Ondo et al., 1988; Bourguignon et al., 1989) . However, in studies of GnRH-GFP neurons using the outside-out nucleated patch configuration, NMDA responses were found in only 20% of cells (Spergel et al., 1999) . Anatomical evidence suggests that GnRH neurons receive glutamatergic input and express multiple glutamate receptor subtypes (Goldsmith et al., 1994; Abud and Smith, 1995; Thind and Goldsmith, 1995; Eyigor and Jennes, 1996; Gore et al., 1996) . Individual GnRH neurons are thought to have relatively few synapses (Witkin et al., 1995) . In the present studies, we examined the hypothesis that isolated GnRH neurons could generate repetitive bursts of activity and that glutamate or NMDA could directly activate these neurons.
MATERIALS AND METHODS
Acute dissociation of neurons. Female GnRH-EGFP transgenic mice (Suter et al., 2000a) , postnatal day 17 (P17) to P25, were used for all experiments: data were collected from five cells isolated from P17, 10 from P18, seven from P19, seven from P20, 13 from P22, six from P23, and 10 from P25. All protocols were approved by the Animal C are and Use Committee at Colorado State University. Mice were anesthetized with halothane and decapitated. Brains were rapidly removed and placed in cold oxygenated artificial C SF (AC SF) (in mM: 124 NaC l, 3 KC l, 2 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHC O 3 , 10 dextrose, and 2.5 C aC l 2, pH 7.4). Coronal brain slices (400 m) were cut with a vibratome in ice-cold AC SF. Slices were maintained in AC SF (aerated with 95% O 2 , 5% CO 2 ) at 32°C for 1-6 hr before dissociation. The acute dissociation procedure was a modification of previously established protocols (Kay and Krupa, 1999) (McCool and Botting, 2000) . Regions of the brain including the medial preoptic area and diagonal band of Broca were dissected from the slices (Fig. 1) . Neuronal activity was measured in 30 neurons that had been isolated from slices of the diagonal band of Broca, 24 neurons from the medial preoptic area, and four neurons that were isolated from slices that included both areas. No differences were observed for neurons isolated from the two different regions. Slices were placed in proteinase K (0.2 mg /ml; Sigma, St. L ouis, MO) in PI PES buffer [in mM: 115 NaC l, 5 KC l, 20 PI PES free acid, 1 C aC l 2 , 4 MgC l 2 , and 25 dextrose, pH 7.0 (aerated with 100% O 2 )] at 30°C for 5 min, rinsed in PI PES buffer, and placed in trypsin (Sigma type X I; 1 mg /ml) in PI PES buffer at 30°C for 22-25 min. Slices were rinsed four to five times in PI PES buffer, and neurons were isolated by trituration with flame-polished Pasteur pipettes in ice-cold PI PES buffer containing 0.1% DNase. The resulting solution was diluted 1:1 with Neurobasal A / B-27 (Invitrogen, Grand Island, N Y). C ells were plated on charged plastic culture dishes, incubated at 37°C (95% O 2 , 5% CO 2 ) for 20 -30 min to allow adherence, rinsed, and covered with Neurobasal A / B-27. Neurons were incubated for 17-24 hr before electrophysiological recordings.
The presence of 1 mM CaCl 2 during the isolation and trituration of tissue prevents the retention of presynaptic boutons on the dissociated neurons (Drewe et al., 1988) . To exclude the possibility that membrane oscillations were attributable to synaptic events, experiments with 10 M C NQX, 50 M APV, and 30 M bicuculline showed that these blockers did not alter the occurrence of membrane oscillations (data not shown). These experiments confirm that transmitter release from presynaptic terminals did not influence the activity of the isolated neurons.
Immunoc ytochemistr y. Dissociated neurons were plated on poly-Dlysine-coated two-chamber slides, covered in Neurobasal A / B-27, and incubated at 37°C (95% O 2 , 5% CO 2 ) overnight. C ells were rinsed with 1ϫ PBS and then fixed for 20 min at room temperature with freshly made 4% paraformaldehyde. C ells were again washed with PBS, three times for 2 min each. C ells were incubated in blocking solution (1.5% normal goat serum, 0.4% Triton-X, and 1% Fraction V bovine serum albumin in PBS) for 1 hr at room temperature. After another wash in PBS, the cells were incubated with GnRH antibody [1:2000, luteinizing hormonereleasing hormone (L HRH) antibody in PBS with 1% Triton-X; DiaSorin, Stillwater, M N] overnight at 4°C. C ells were rinsed with PBS, three times for 5 min each. AlexaFluor 594-conjugated goat anti-rabbit secondary antibody (Molecular Probes, Eugene, OR) was applied to the cells at a concentration of 5 g /ml for 30 min at room temperature. Slides were rinsed twice with PBS and once with deionized water and then mounted with Vectashield (Vector Laboratories, Burlingame, CA) for viewing. Photomicroscopy was performed on either a Z eiss (Oberkochen, Germany) confocal microscope (live cells) or a Z eiss Axioplan 2 (fixed cells). Preincubation of the primary antibody with 10 g /ml purified L HRH peptide (Sigma) in diluted antiserum for 60 min, before incubation with the neurons, resulted in the absence of all fluorescence under the rhodamine filter, as did the omission of anti-L HRH primary antibody. In one experiment, neurons were counted from six visual fields: a total of 311 neurons were present, of which six were EGFP-positive (2%), and the same six (and no other cells) were immunoreactive for GnRH.
Electrophysiolog y. Culture dishes were continuously perf used with AC SF at 22°C. Fluorescent cells were viewed with a mercury lamp. C ell-attached and whole-cell recordings were obtained with thin-walled borosilicate glass micropipettes (World Precision Instruments, Sarasota, FL) with a resistance of 3-5 M⍀. The intracellular recording solution consisted of (in mM): 120 potassium gluconate, 1 C aC l 2 , 1 MgC l 2 , 10 H EPES, 1 NaC l, 5 EGTA, and 2 ATP, pH 7.2-7.4. All recordings were performed using an Axopatch 200B (Axon Instruments, Foster C ity, CA), digitized at 0.1-0.2 msec /point, and stored on a Power Macintosh Figure 1 . Dissociation of GnRH-EGFP neurons from brain slices. Neurons were isolated from 400-m-thick hypothalamic slices that included the diagonal band of Broca (DBB) and surrounding septum (A, Rostral ) or the medial preoptic area (MPA) and surrounding hypothalamus (B, Caudal ) . Two to three slices were taken per animal. Dark gray indicates the area with the highest concentration of GnRH neurons, although cells are also scattered throughout surrounding areas (light gray). Dark lines represent the cuts made to isolate the region before enzymatic treatment. Atlas figures were modified from Franklin and Paxinos (1997) with permission. ac, Anterior commissure; BST, bed nucleus of the stria terminalis; HDB, horizontal limb of the diagonal band of Broca; ic, internal capsule; LPO, lateral preoptic area; LS, lateral septum; LV, lateral ventricle; MS, medial septum; VP, ventral pallidum.
computer (Apple Computers, Cupertino, CA) using an I TC -16 interface (InstruTech, Port Washington, N Y). All data were acquired with Synapse (Synergistic Research, Newport Beach, CA) software. Some current-clamp recordings were also digitized with a V R-10B (InstruTech) and stored on videocassette for off-line analysis.
Current-clamp recordings were obtained from cells adhered to the bottom of the dish. When monitoring spontaneous activity, cells at a resting membrane potential less negative than Ϫ60 mV were hyperpolarized with current injection after 10 -20 min to determine activity at more negative potentials. All voltage-clamp recordings were obtained at a holding potential of Ϫ60 mV. Voltage-clamp recordings were obtained from cells attached to the bottom of the dish and cells lifted by the patch pipette. A liquid junction potential of ϳ5 mV was determined and was not corrected for in the numbers reported. Rapid perf usion of agonists was performed with a flow pipe constructed from tubing (Sutter Instruments, Novato, CA) driven by a piezoelectric device (Burleigh Instruments, Fishers, N Y). Neurons were placed in a control solution stream (160 mM NaC l, 2.5 mM KC l, 10 mM H EPES, 10 mM dextrose, 2 mM CaCl 2 , 10 M glycine, and 0.1 mg /ml phenol red) and then rapidly jumped into 10 mM glutamate, 10 mM glutamate plus 100 M cyclothiazide (20 mM stock solution dissolved in DMSO), or 300 M NMDA for 500 msec. DMSO was added so that all solutions contained equivalent amounts of vehicle. Solution flow was driven by a syringe pump (K D Scientific, New Hope, N Y) at a rate of 0.2 ml /min. All drugs were obtained from Research Biochemicals (Natick, N Y).
Data anal ysis. Images of neurons were captured with a CCD camera (Hitachi, Tokyo, Japan) and measured using Scion N IH Image 1.62. Current traces, agonist-evoked current responses, and histograms were plotted using KaleidaGraph 3.5 (Synergy Software, Reading, PA). Analysis of activity and agonist-evoked currents was performed with Synapse software (Synergistic Research). Statistical analyses were performed using Microsoft (Seattle, WA) E xcel (ANOVA) and Minitab (linear regression analyses; State College, PA). Data are presented as mean Ϯ SEM.
RESULTS

Acute dissociation of GnRH-EGFP neurons
Fluorescent GnRH-EGFP neurons could be positively identified immediately after dissociation, and fluorescence was detectable for at least 3 d after the dissociation, the longest time examined (most electrophysiological experiments were performed 17-24 hr after the dissociation). Fluorescent neurons could be readily identified in the culture dish, either as individual neurons or in a group of cells. Only slight variations in diameter (mean of 14 m; range of 10 -17 m; n ϭ 41) and intensity of fluorescence were noted. Healthy GnRH-EGFP neurons appeared phase bright and were typically round ( Fig. 2 A) , although some had rudimentary processes. In parallel experiments, dissociated cells were fixed for immunocytochemistry using anti-GnRH primary antibody and AlexaFluor-conjugated secondary antibody (Fig. 2 B) . Cells that were positive for EGFP fluorescence were also positive for GnRH immunoreactivity, whereas the more numerous, nonfluorescing cells were negative for GnRH immunoreactivity. This indicates that EGFP expression occurred only in GnRH neurons, and therefore the neurons that were recorded represent the target GnRH population. When patch clamped in the whole-cell configuration, the typical resting membrane potential was Ϫ50 to Ϫ55 mV (52.5 Ϯ 2.62; n ϭ 16), although the resting membrane potential could be as negative as Ϫ80 mV. GnRH-EGFP neurons had cell membrane properties of healthy neurons, with an average input resistance of 2.44 Ϯ 0.23 G⍀.
Spontaneous activity
Action potentials were observed in 90% (27 of 30) of GnRH-EGFP neurons during long current-clamp recordings, although a few did not exhibit spontaneous activity at any membrane potential. Spontaneous activity was recorded in both cell-attached and whole-cell configurations. In cell-attached recordings, spontaneous activity varied from absent to random. In 70% (7 of 10) of cells, however, bursts (arbitrarily defined as a period with a firing frequency of 2-20 Hz) appeared phasic (n ϭ 7) (Fig. 3A) , with brief bursts (2-20 action potentials) of activity separated by 1-10 sec. Twenty-eight percent (5 of 18) of neurons also demonstrated bursting activity in whole-cell configuration (Fig. 3B ). Bursting activity was present when cells were at a resting membrane potential of Ϫ50 to Ϫ55 mV. The bursting activity was similar to that noted in cell-attached configuration (Fig. 3 A, B) and was accompanied by small oscillations in membrane potential (Fig.  3C ). These oscillations were most likely not attributable to synaptic input, because bathing the neuron in CNQX, APV, and bicuculline did not affect the membrane oscillations (see Materials and Methods). At more depolarized potentials (approximately Ϫ45 mV), firing usually became continuous, and cell health declined. At more hyperpolarized potentials (up to Ϫ80 mV), longer bursts of action potentials lasted from seconds to minutes and were separated by long periods of no activity (n ϭ 9 of 15) Figure 2 . Identification of isolated GnRH-EGFP neurons. A 1 , Phasecontrast image of an isolated, live GnRH-EGFP neuron. Note the round, phase-bright appearance and cellular debris. A 2 , Fluorescence view of the same GnRH-EGFP neuron. Scale bar, 20 m. Images were captured at 40ϫ with a confocal microscope (Zeiss) 18 hr after dissociation. B 1 , Differential interference contrast image of neurons after acute dissociation. The same field was visualized with a GFP filter (Chroma Technology Corp., Brattleboro, VT) (B 2 ) and a rhodamine filter (B 3 ). Note that only one neuron shows EGFP fluorescence, and that same neuron is the only one immunoreactive for GnRH (B 4 ). Images were captured at 40ϫ with a Zeiss Axioplan 2 imaging system. Scale bar, 50 m. (Figs. 4, 5) . Episodes of bursting activity were arbitrarily defined as periods of activity with long intervals (Ͼ1 min) of virtual silence in between. Because of the obvious distinction between episodic activity and intervening silence (Figs. 4, 5) , no attempt was made to include a lower rate limit in our definition. Multiple episodes were observed in 67% of cells with episodic activity (Figs. 4, 5) .
Episodes were typically observed in neurons that were at a resting membrane potential more negative than Ϫ60 mV on break-in and also in neurons that were hyperpolarized with current injection. Most episodic activity occurred at membrane potentials between Ϫ65 and Ϫ80 mV. However, episodic activity could also occur at a membrane potential of Ϫ55 mV (Fig. 5F ). Activity was variable (Fig. 5) , with 1-20 min of relative inactivity between episodes. In addition, activity within an episode was variable, ranging from 0.5 to 10 Hz. Episodes were typically accompanied by depolarizing oscillations of membrane potential (Fig. 4) . Oscillations that did not result in activity were also observed.
GnRH-EGFP neuron membrane properties
The passive membrane properties of GnRH-EGFP neurons consisted of resting membrane potentials of 52.5 Ϯ 2.62 mV (n ϭ 16), input resistance of 2.44 Ϯ 0.23 G⍀, membrane time constant of 23.9 Ϯ 2.91 msec (n ϭ 11), and membrane capacitance of 7.82 Ϯ 1.01 pF (n ϭ 11). Thus, the passive membrane properties of EGFP-GnRH neurons were typical of hypothalamic neurons, which was confirmed by recording from isolated non-EGFP neurons that had resting membrane potentials of Ϫ54.4 Ϯ 3.71 (n ϭ 8), input resistance of 3.1 Ϯ 0.26 (n ϭ 4), and membrane capacitance of 10.5 Ϯ 2.79 (n ϭ 8). The small capacitance of the isolated EGFP-GnRH or non-GnRH neurons most likely reflects the fact that these cells are small spheres without extended neurites. To assess whether the GnRH-EGFP neurons formed distinct classes or groups based on their intrinsic electrophysiological properties, we analyzed evoked action potentials and voltage responses to 200 msec hyperpolarizing and depolarizing current pulses. Depolarizing and hyperpolarizing current pulses (200 msec) generated a linear voltage-current plot (Fig. 6 A) . The ratio of V 20 msec to V 190 msec indicates the amount of voltage rectification, in that marked rectification (for which the voltage at the beginning of the pulse is much smaller than that at the end of the pulse) will produce a ratio Ͻ Ͻ1.0. Little or no rectification was noted, as indicated by an average ratio of V 20 msec to V 190 msec of 0.65 Ϯ 0.07 (n ϭ 11). The waveform of the action potential from GnRH-EGFP neurons was also typical (Fig. 6 B) , with an amplitude of 95 Ϯ 5.4 mV, threshold of Ϫ31.3 Ϯ 3.7 mV, hyperpolarizing afterpotential of Ϫ64.0 Ϯ 2.6 mV with respect to 0 mV, and duration at half-amplitude of 1.21 msec (n ϭ 11). Thus, in their passive membrane properties and action potential characteristics, the GnRH-EGFP neurons appeared to be relatively homogeneous and typical of hypothalamic neurons. A comparison of the firing properties of non-EGFP hypothalamic neurons indicated a higher incidence of quiescent neurons (three of six non-EGFP cells tested), yet the spontaneously active neurons fired at 2.5-50 Hz (three of six non-EGFP cells) and exhibited no obvious differences in the waveform of the action potential (data not shown).
Response to excitatory amino acids
Application of glutamate or NMDA always depolarized the membrane potential and increased the activity of GnRH-EGFP neurons (Fig. 7) . Linear regression analysis demonstrated that the amplitude of the agonist-evoked current response was correlated with the amplitude of the membrane depolarization (r ϭ 0.99; p ϭ 0.0006; n ϭ 5), suggesting heterogeneity in the level of expression of ionotropic glutamate receptors.
Whole-cell responses to rapid perfusion of glutamate were evoked from neurons attached to the bottom of the culture dish and neurons lifted by the recording pipette. Application of glutamate evoked inward currents (Fig. 8 A) in all neurons. The average glutamate-evoked current response was 26 Ϯ 6.4 pA. Responses were small in 68% of neurons (1-15 pA; n ϭ 23) but were substantially larger in 32% of neurons (25-185 pA; n ϭ 11) (Fig.  8C ). Small and large currents could be evoked in separate neurons from a single animal, and the size of the glutamate-evoked current did not depend on the postnatal age of the animal or the brain region from which the neuron was isolated. Linear regression analysis indicated that capacitance was weakly correlated with the current response (r ϭ 0.5; p ϭ 0.004; n ϭ 30). Glutamateevoked responses in non-EGFP hypothalamic neurons and cortical neurons from the same transgenic animals were comparable with the large responses in the GnRH-EGFP animals (mean of 53.8 Ϯ 9.58 pA; range of 34 -90 pA; n ϭ 7).
Rapid application of NMDA also evoked current responses in GnRH-EGFP neurons (Fig. 8 A) . NMDA-evoked currents were observed in all neurons tested (n ϭ 6) and were observed in neurons with both small and large responses to glutamate. In addition, cyclothiazide markedly potentiated the glutamateevoked inward current (Fig. 8 B) , indicating a substantial contribution of the flip splice isoform of AMPA receptors to the glutamate response. The mean peak response to 10 mM glutamate in the presence of 100 M cyclothiazide was 4.6 times the mean peak response to 10 mM glutamate alone (n ϭ 5). Responses to rapid application of 10 mM GABA were found in 15 of 15 cells tested, but the role of GABA receptors was not further studied.
DISCUSSION
Acute dissociation of hypothalamic slices from prepubertal GnRH-EGFP transgenic mice produced single neurons suitable for extended whole-cell and cell-attached recordings. Individual GnRH neurons consistently generated repetitive bursts of action potentials separated by periods of silence that could each last for minutes. Rapid application of either glutamate or NMDA depolarized GnRH-EGFP neurons and evoked repetitive firing, although agonist-evoked currents of most GnRH neurons were small (i.e., a few picoamperes). This is in contrast to the responses of cortical and non-GnRH hypothalamic neurons (tens of picoamperes) (Spergel et al., 1999 , Kuehl-Kovarik et al., 2000 . Cyclothiazide enhanced the amplitude and markedly reduced desensitization of the glutamate-induced inward currents, consistent with the participation of the flip splice isoform of AMPA receptors in the glutamate-evoked responses (Partin et Figure 5A , and B represents the region in Figure 5B . Both neurons were hyperpolarized to Ϫ75 mV by current injection. Note the long periods of inactivity, the multiple bursts, and the oscillations in membrane potential in both traces. The data shown in A was obtained from a P17 mouse (same neuron as in Fig. 3 B, C) , whereas the data shown in B was obtained from a P21 mouse. al., 1993). These experiments support the hypothesis that the responses of GnRH neurons to glutamate involve both NMDA and AMPA receptors.
Isolation and properties of GnRH neurons
Previous work on GnRH-EGFP mice found that virtually all GFP-expressing neurons were immunocytochemically positive for GnRH, and 84 -94% of all GnRH-positive neurons expressed GFP (Suter et al., 2000a) . The immunocytochemical results are consistent with these observations and indicate that the recorded neurons expressed GnRH. Sim and coworkers (2001) suggested that GFP expression in transgenic mice injures the electrophysiological properties of GnRH neurons, but this has not been seen in other neurons (Lagrange et al., 1995; Zhuo et al., 1997; Spergel et al., 1999 Spergel et al., , 2001 Suter et al., 2000a,b; Sawamoto et al., 2001) .
GnRH neurons were isolated from slices that extended from . Glutamate-and NMDA-evoked activity. Representative patterns of activity recorded in current-clamp mode during application of 10 mM glutamate (A 1 , B 1 ) or 300 M NMDA (A 2 , B 2 ). A 1 and A 2 are depolarizations observed in a GnRH-EGFP neuron with a smallamplitude current response (5 pA) to 10 mM glutamate (see Fig. 8 A) . B 1 and B 2 are depolarizations from a neuron with a larger (80 pA) current response. Application of agonist increased firing and depolarized the membrane in all cases. Neurons were isolated from the brain of a P23 mouse. Figure 8 . Excitatory amino acid-evoked currents. A, Representative inward currents evoked by the 500 msec application of 10 mM glutamate or 300 M NMDA. Currents were recorded from a GnRH-EGFP neuron lifted off the bottom of the culture dish. This neuron was isolated from a P23 mouse. Each trace represents a single application of agonist. B, Inward current evoked by the 500 msec application of 10 mM glutamate (GLU ), superimposed on the response to 10 mM glutamate and 100 M cyclothiazide (CTZ). Note the large potentiation and absence of desensitization of the glutamate response by cyclothiazide. Currents were recorded from a GnRH-EGFP neuron that was attached to the bottom of the dish. The neuron was isolated from the brain of a P17 mouse. Traces are the average of 5-10 records. C, Frequency histogram illustrates the response amplitude to glutamate in 34 cells. Note the large number of neurons with a small (Ͻ15 pA) response.
the septum to the mediobasal hypothalamus and thus could be considered heterogeneous, but none of the characteristics studied here showed an obvious association with the location from which the neurons were isolated. Based primarily on the responses to injected current pulses during whole-cell recording in slices, Sim and coworkers (2001) have reported three populations of GnRH neurons in juvenile mice. The present experiments were performed on prepubertal mice (P17-P25), and experiments with 200 msec current pulses similar to Sim and coworkers (2001) did not reveal obvious subgroups, consistent with the findings of Spergel and coworkers (1999) .
Firing patterns: burst generation
A fundamental concept concerning the electrophysiological properties of neuroendocrine cells is that a bursting pattern of action potentials is important for hormone secretion Dudek, 1983, 1984; Dudek et al., 1989 Dudek et al., , 2000 Bourque et al., 1993) . This concept in mammalian neuroendocrine cells has been developed primarily from studies of the magnocellular system, which is comprised of the vasopressinergic and oxytocinergic neurons that project to the posterior pituitary (Poulain and Wakerley, 1982; Armstrong et al., 1994; Armstrong, 1995, Hatton and Li, 1998) . Magnocellular neuroendocrine cells have oscillations in membrane potential and depolarizing afterpotentials (DAPs) that summate Dudek, 1983, 1984 ) (for review, see Dudek et al., 1989; Armstrong et al., 1994; Li et al., 1995) . We observed slow oscillations in membrane potential that seemed to be responsible for the burst discharges, but DAPs did not appear to contribute to the bursts. Recently, observations of spontaneous elevations in intracellular calcium in cultured embryonic GnRH neurons from monkey nasal placode suggest that individual GnRH neurons generate spontaneous bursts of activity (Terasawa et al., 1999b; Terasawa, 2001) . Pulsatile GnRH release may arise from the synchronization of these bursts. Similarly, other groups have recently performed long-term, multisite recordings on GT1-7 cells, demonstrating that overall patterns of firing activity are derived from the sum of multiple, independent active units (i.e., GnRH neurons) within a network (Funabashi et al., 2001; Nunemaker et al., 2001 ). Our experiments demonstrate that mechanisms capable of generating burst discharges are present in individual GnRH neurons. Models of the possible relationship between the bursting of individual neurons and the pulsatile release of GnRH hormone are shown in Figure 9 . The "independent" model assumes that each neuron generates spontaneous bursts of activity that allow hormone release that is not necessarily synchronous. The "coupled" model assumes that the GnRH neurons communicate directly with one another through either gap-junctions or through cellular factors released by GnRH neurons and to which other GnRH neurons can respond, leading to pulsatile release of hormone. The "triggered" model assumes that a non-GnRH "master" cell with pulse-generating properties signals to the entire GnRH neuron population, allowing coordinated firing and thereby coordinated release of hormone. Figure 9 , B and C, demonstrates, modeling data from Figure 5 , that one possible outcome of independent neuronal activity can be "synchronous," pulsatile waves of hormone release. Thus, the data presented from isolated EGFPGnRH neurons do not exclude any of the three models presented in Figure 9A .
Firing patterns: episodic activity
Multiple-unit recordings from the hypothalamus support the hypothesis that pulsatile secretion of GnRH derives from synchro- Figure 9 . Hypothetical relationship between action potentials of isolated GnRH neurons and multiple-unit activity of the GnRH population responsible for pulsatile release of GnRH. It is hypothesized that GnRH pulsatility arises from overlapping episodes of bursts of action potentials in many GnRH neurons. A, Schematic diagram depicting three possible models for how GnRH neurons could fire as a network: independently (Terasawa, 2001) , coupled (Witkin et al., 1995; Hosny and Jennes, 1998; Hu et al., 1999) , or triggered by one or a few divergent neurons with pulse-generating properties (van den Pol and Trombley, 1993; Boudaba et al., 1997) . In all three cases, the electrical activity will cause hormone release at the median eminence. GnRH neurons are depicted as filled circles; the pulse-generating cell is depicted as a filled square; arrows indicate pulses of GnRH release. B, The binned activities of five independent neurons (taken from Fig. 5 ) were summed into a single profile. The most active neuron (Fig. 5B) dominates the summed activity, and the other four cells also shape its profile. "Pulses" of activity emerge from this profile. C, The data in B were smoothed by calculating the moving average of 20 data points around each data point. We speculate that the smoothing function could represent an averaging of the activity of 800 -1000 GnRH neurons in the hypothalamus and would yield pulses of electrical activity that mimic the resultant pulsatile release of hormone. In this scheme, the dotted line represents a baseline level of hormone that would be constitutively released, and the three major waves of activity represent pulsatile hormone release. The arrows indicate where, in the COUPLED model (A 2 ), there would be synchronized activity, or, in the TRIGGERED model (A 3 ), the release of glutamate onto many GnRH neurons would initiate a pulse of activity and hormone release. The averaged data in C, however, actually represent the INDEPENDENT activity of five neurons, as depicted in A 1 . nized episodes of electrical activity involving GnRH neurons (Kawakami et al., 1982; Wilson et al., 1984; Mori et al., 1991; Cardenas et al., 1993) . Using this same transgenic mouse, longlasting episodes of electrical activity containing repetitive burst discharges were observed in whole-cell recordings in brain slices from mice that were 26 -65 d old (Suter et al., 2000b) . In these studies, spike activity was defined as occurring when the firing rate was Ն4 Hz, and only single episodes of activity were observed in each recording. Our studies extend this work by showing that a range of levels of firing appear to contribute to the bursts and prolonged episodes of activity, and that these electrophysiological properties are present in juvenile mice by the time they are weaned (15-25 d of age). The lack of multiple episodes of activity (Suter et al., 2000b ) left open the possibility that an episode arose from dialysis of the intracellular compartment. However, we observed burst discharges and episodic firing in cell-attached recordings (i.e., "on cell"), a recording configuration in which dialysis would not be expected to occur. The observation of multiple repetitive episodes in single GnRH neurons is also evidence against the possibility that an episode of activity arises from a recording-induced deterioration of the cell.
In the female rat, several hypothalamic changes occur during the transition from the infantile (P8 -P12) to the juvenile (P21-P32) stage of development (Ojeda et al., 1980) . During this transition, there is an increase in: the ratio of "spiny" to "smooth" morphology in GnRH neurons (Wray and Hoffman, 1986) , the capacity to release GnRH (Andrews and Ojeda, 1978; Ojeda et al., 1980) , and sensitivity to steroid feedback (Ojeda and Ramirez, 1973; Ojeda et al., 1975; Andrews et al., 1981) . Thus, variability in the GnRH firing pattern may be attributable to the maturational events occurring at this time. Our studies on acutely isolated GnRH neurons from prepubertal mice strongly support the hypothesis that individual GnRH neurons at this developmental stage have the intrinsic mechanisms capable of generating the activity pattern that would be expected to underlie the pulsatile secretion of hormone. We aimed to record from mice before puberty, with the view that the onset of GnRH pulsatile release during puberty would be contingent on the appropriate organization of the neuronal network. The question of how the population of GnRH neurons is synchronized to coordinate hormone secretion will require additional investigation.
Responses of GnRH neurons to glutamate
Glutamate is thought to be the primary excitatory transmitter in the mammalian brain, including the neuroendocrine hypothalamus (for review, see van den Pol et al., 1990) . Several studies have suggested that glutamate plays a critical excitatory role in the GnRH system (Schainker and Cicero, 1980; Arslan et al., 1988; Ondo et al., 1988; Bourguignon et al., 1989 ) (for review, see Brann and Mahesh, 1997) . However, the direct effect of glutamate on GnRH neurons has not been well described, and the effect of glutamate on GT1-7 cells is controversial (Spergel et al., 1994; Mahesh et al., 1999) . Unlike cortical neurons, which have large responses to rapid application of 10 mM glutamate (KuehlKovarik et al., 2000) , most GnRH neurons generated small inward currents. Similar findings were seen in excised patch experiments, for which the peak amplitude of the glutamate-evoked current was 10-fold smaller for GnRH neurons than non-GnRH neurons in the same slice (Spergel et al., 1999) . Our data show that glutamate is likely to serve as the primary excitatory transmitter in this neuroendocrine system, because glutamate (and NMDA) evoked robust firing of action potentials in isolated GnRH neurons. Furthermore, a small proportion of the GnRH-EGFP population did generate relatively large inward currents in response to the application of glutamate. The relatively small responses to glutamate and NMDA suggest low expression of AMPA and NMDA receptors, which may account for the previous lack of anatomical evidence for these receptor mRNAs and proteins in GnRH neurons (Abud et al., 1995; Eyigor and Jennes, 1996; Gore et al., 1996; Simonian and Herbison, 2001 ). However, our findings are significant because it has been reported that GnRH neurons have few synaptic inputs, and physiologically relevant responses must be evoked by these inputs (Witkin et al., 1995) . Our findings are consistent with studies demonstrating that injection of NMDA stimulates release of GnRH (Gay and Plant, 1987) . Therefore, both AMPA and NMDA receptors would be expected to mediate EPSCs of GnRH neurons, although the relative importance of these receptors at different stages of development and under different hormonal conditions will require additional study.
Conclusion
These experiments indicate that the GnRH-EGFP mouse can be used to record from acutely isolated GnRH neurons. Individual neurons could be studied relatively soon after isolation, so that possible culture-induced changes in electrophysiological properties were minimized. We found a rich repertoire of firing patterns that could represent the prolonged episodes of burst discharges that hypothetically underlie pulsatile secretion of GnRH. Additional research with this preparation offers the potential to identify the cellular mechanisms that generate the coordinated activation of the GnRH system to mediate secretion of this critical hormone. Our experiments further implicate glutamate, acting on both AMPA and NMDA receptors, as an important excitatory transmitter in this neuroendocrine system, possibly contributing to the activation of endogenous bursts of action potentials.
